Abstract.-Knowledge of individual growth and mortality rates of an introduced fish population is required to determine the success and degree of establishment as well as to predict the fish's impact on native fauna. The age and growth of flathead catfish Pylodictis olivaris have been studied extensively in the species' native and introduced ranges, and estimates have varied widely. We quantified individual growth rates and age structure of three introduced flathead catfish populations in North Carolina's Atlantic slope rivers using sagittal otoliths, determined trends in growth rates over time, compared these estimates among rivers in native and introduced ranges, and determined total mortality rates for each population. Growth was significantly faster in the Northeast Cape Fear River (NECFR) than in the Lumber and Neuse rivers. Fish in the NECFR grew to a total length of 700 mm by age 7, whereas fish in the Neuse and Lumber river populations reached this length by 8 and 10 years, respectively. The growth rates of fish in all three rivers were consistently higher than those of native riverine populations, similar to those of native reservoir populations, and slower than those of other introduced riverine populations. In general, recent cohorts (1998-2001 year-classes) in these three rivers exhibited slower growth among all ages than did cohorts previous to the 1998 year-class. The annual total mortality rate was similar among the three rivers, ranging from 0.16 to 0.20. These mortality estimates are considerably lower than those from the Missouri and Mississippi rivers, suggesting relatively low fishing mortality for these introduced populations. Overall, flathead catfish populations in reservoirs grow faster than those in rivers, the growth rates of introduced populations exceed those of native populations, and eastern United States populations grow faster than those in western states. Such trends constitute critical information for understanding and managing local populations.
Quantification of age and growth is a vital component for understanding the ecology and life history of any fish species. This is especially important for an introduced species like flathead catfish Pylodictis olivaris in the Atlantic slope and elsewhere in the United States. Knowledge of the individual growth rates and age structure of an introduced population is required to determine the success and degree of establishment as well as to predict the fish's impact on native fauna. Growth rate information can also be used to compare dynamics among water bodies, years, and fish sizes; describe trends over time; examine total mortality rates; and determine the general status of a population.
Flathead catfish age and growth have been studied sufficiently to allow elucidation of trends among geographic regions, aquatic habitats (rivers and reservoirs), and native and introduced populations (Tables  1-3 ). In native riverine populations of flathead catfish, the maximum reported age ranged from 5 years in the Neosho River, Kansas (Minckley and Deacon 1959) , to 28 years in the Tallapoosa River, Alabama (Nash 1999) . Growth to quality size (510 mm; Quinn 1991) may be obtained between 3 years (Francis 1993 ) and 9 years (Nash 1999) . Memorable-size flathead catfish (860 mm; Quinn 1991) range in age from 8 years (Cross and Hastings 1956; Francis 1993) to 22 years (Nash 1999) ; however, most populations yield fish of that size by age 12. Fish over age 13 or 1,000 mm are rare to nonexistent in most populations; the maximum reported length was 1,118 mm from a fish captured in the Kansas River, Kansas (Cross and Hastings 1956 ).
The Tallapoosa River population studied by Nash (1999) was perceived to grow considerably slower and live longer than any other native population. Most investigators have used pectoral spines to age flathead catfish, and the results may be variably biased, especially for older fish. Nash and Irwin (1999) compared otoliths and pectoral spines for use in aging flathead catfish and determined that otoliths yielded more accurate age estimates due to annuli being more distinguishable, especially for older fish (i.e., over age 5). Pectoral spines consistently underestimated ages of older fish due to the erosion of the central lumen, which led to loss of annuli. Only several recent studies have estimated ages of flathead catfish with otoliths (e.g., Mayo and Schramm 1999; Nash 1999; Grabowski et al. 2004) . Pectoral spines were used by all others (Tables 1-3) except for Pate (1980) , who examined vertebrae. Thus, caution regarding the accuracy of reported ages should be exercised when interpreting results among studies, but examination of trends for young fish may be suitable for comparisons among populations.
Flathead catfish mortality has rarely been studied in the species' native range, and we found no total mortality rates reported for populations in the fish's introduced range. The only published mortality rate estimated for an introduced population was that by Quinn (1993) , who estimated annual fishing mortality for Flint River, Georgia, flathead catfish to be 14-25%. Summerfelt et al. (1972) used the Robson-Chapman estimator in Lake Carl Blackwell, Oklahoma, and reported annual total mortality rates of 31-49%. Robinson (1997) estimated annual total mortality rates over several years from catch curves in the Missouri and Mississippi rivers. Annual total mortality averaged 56% (range ¼ 51-67%) in the Missouri River near Easly, Missouri, and 49% (range ¼ 43-54%) in the Mississippi River at Crystal City, Missouri. Flathead catfish population modeling by Robinson (1997) suggested that a reduction of total mortality to 40% would increase the numbers of large fish and improve 1  2  3  4  5  6  7  8  9  10  11  12  13  14   Tennessee River, Alabama  93  157  199  239  318  384  367  451  387  Black Warrior River, Alabama 122  211  271  392  474  503  697  879  Coosa River, Alabama  109  168  204  391  492  517  610  545  571  684  Alabama River, Alabama  110  189  265  433  534  544  560  785  Tallapoosa River, Alabama  147  208  261  307  351  398  427  484  510  513  535  540  565  589  Missouri River, Missouri  119  188  251  310  368  419  490  526  597  645  673  688  Minnesota River, Minnesota  96  195  319  436  520  584  649  703  752  798  932  875  924  947  Big Black River, Mississippi  199  299  407  498  590  666  801  869  1, The objectives of our research were to (1) quantify individual growth rates and age structure of introduced flathead catfish populations in three Atlantic coastal plain rivers of North Carolina, (2) determine trends in growth rate over time, (3) determine total mortality rates for each population, (4) compare growth and mortality estimates among rivers, and (5) compare our findings with those from rivers and reservoirs in both the native and introduced ranges to elucidate trends among populations. Based on a nonexhaustive literature review, we predicted that flathead catfish growth rates in North Carolina coastal plain rivers would be high compared to those of native populations and similar to other introduced populations in the southeastern USA.
Methods
North Carolina Atlantic rivers.-We selected three North Carolina Atlantic coastal plain river systems for study. Flathead catfish have been introduced into each watershed. The Northeast Cape Fear River (NECFR) supports the oldest population (about 30 years), the Neuse River supports a more recent population (about 20 years), and the Lumber River is the site of the most recent (,10 years) introduction (Kwak et al. 2004) . The Neuse River is formed by the confluence of the Flat and Eno rivers; it varies widely in depth and width We used a boat-mounted, low-frequency, pulsed DC electrofisher to capture flathead catfish at all sites and returned them to the laboratory for processing. All fish were sacrificed by submersion in an ice bath or an overdose in a clove oil solution.
We measured total length (61 mm) and weight (61 g), sexed each fish if possible by direct observation of the gonads, and assigned an identification number to each fish. Sagittal otoliths were removed from all flathead catfish by sectioning the supraoccipital bone with a fillet knife, hacksaw, or circular saw depending on fish size, and otoliths were stored in coin envelopes. Otoliths were prepared similarly to the methods of Maceina (1988) and Nash (1999) , except with a few modifications. Otoliths were removed from envelopes, cleaned as necessary, and placed directly on a hot plate for approximately 5 min. Crystalbond was melted onto a microscope slide in a dime-size pile, and the otolith was inserted anterior side up. The otoliths were polished with 600-grit sandpaper and were viewed under a compound microscope (1003; Figure 1 ). A subsample of otoliths was read independently by two readers who were naive of the fish's total length or weight; the remainder was read by a single reader. Any discrepancies in age estimation were reconciled with a concert read.
Back-calculation.-Back-calculation of length at age was completed by use of the Fraser-Lee direct proportion method (Carlander 1982) . When available, five fish were randomly selected from each age-class within each river. We measured otolith radius by use of Image Pro Analysis Software (Media Cybernetics 2002). The total radius was equal to the distance between the center of the nucleus and the edge of the otolith. Annual growth was measured from the anterior edge of one annulus to the anterior edge of the adjacent annulus. Fish collected during fall were assigned an age to the final visible annulus, while the age of fish collected during spring was estimated by including the edge of the otolith as the final annulus. Figure 1 represents a flathead catfish otolith image typical of older fish in our study, and annuli are indicated on the figure.
Growth analysis.-We fitted a von Bertalanffy growth equation with an additive error structure (Ricker 1975) to age data collected from each population. Nonlinear least-squares regression (NLIN procedure in the Statistical Analysis System; SAS Institute 1994) was used to fit the equation
where L t is the predicted length at a given time, L ' is the average maximum size in the population, k is the growth coefficient, t is time (years), and t 0 is the hypothetical age (years) when the mean fish total length is zero. We then compared growth rates by estimating the mean length at age 1 through the maximum age in each population based on this growth model. A nonparametric F-test for comparing parameters from nonlinear models was used to test for growth differences between the populations based on the von Bertalanffy growth parameters (Ratkowsky 1983 ). This procedure involves testing the hypothesis that a common growth curve is adequate to fit data from each of the three study populations. If the common growth curve hypothesis is rejected, then a series of morerestrictive models and hypotheses that omit parameters and populations are compared to elucidate differences in growth parameters among populations. Our sample sizes of fish with known sex were not sufficient to compare growth rates between sexes. However, other researchers detected no significant difference in growth between sexes for an introduced riverine population of flathead catfish (Grabowski et al. 2004) , and thus we included all collected fish in a single group for growth analyses.
Mortality estimation.-The mode of the log e (number of fish collected þ 1) versus age plot (i.e., catch curve) was used to determine the age at which flathead catfish fully recruited to the gear (Figure 2) . Instantaneous total mortality rate (Z) was estimated by the slope of a linear regression fitted to the descending right limb of each catch curve (Figure 2) (Ricker 1975; Seber 1982) . The annual total mortality rate (A ¼ 1 À e Àz ) was then calculated based on the estimate of Z (Ricker 1975) . The mode of the age-frequency plot used to represent age at full recruitment (i.e., threshold age; Seber 1982) varied among populations (Figure 2) . The distribution was multimodal for Lumber River flathead catfish (ages 1, 5-6, and 9; Figure 2c ), and we initiated the catch curve at age 5 for that population. Such irregularities represent variation in fish recruit- ment among years and do not greatly affect the value of the catch curve (Ricker 1975) .
Results

Age and Growth
Flathead catfish of wide age and size ranges were collected in each river (Table 4) . Those from the NECFR exhibited the fastest growth rates, but only 10 fish older than age 5 were collected, thus limiting analyses of older fish (Table 5 ). The four most recent age-classes (1998) (1999) (2000) (2001) showed slower growth than those cohorts previous to the 1998 year-class, while the 1996 year-class consistently showed the fastest growth among all cohorts in that river. Growth rates were rapid through age 5; fish generally grew at least 100 mm/year during that period. Growth rates were fairly constant between ages 6 and 13, averaging about 50 mm/year, but slowed slightly beyond those ages (Table 5) .
Back-calculated growth of Neuse River flathead catfish revealed slower growth to age 1 for the five most recent year-classes (1996) (1997) (1998) (1999) (2000) than for yearclasses previous to 1996 (Table 6 ). Growth to successive ages was similar among all age-classes except the 1989 year-class, which consistently grew slower owing to an artifact of one slow-growing fish. Annual growth increments steadily declined through age 5 but remained similar between ages 6 and 11 (Table 6 ). Low sample sizes for age-12 and older fish hindered comparisons beyond age 11.
Flathead catfish of the Lumber River showed fairly similar growth rates among all age-and size-classes, and slightly slower growth was found for the 1992, 1994, 2000, and 2001 year-classes (Table 7) . Similar to the NECFR population, the 1996 cohort in the Lumber River exhibited the fastest growth rates among all ageclasses. The growth rate declined sharply between ages 1 and 2 and varied between 72 and 98 mm/year through age 6. Growth rates in the Lumber River were the slowest among the three populations studied.
Von Bertalanffy growth models generally fit the NECFR and Neuse River populations fairly well through age 8 (Table 4 ; Figure 3 ). Lower sample sizes and greater variation in growth rate at large sizes reduced model fit at older ages. Growth rates among rivers were significantly different in an overall comparison (F 6,232 ¼ 12.6, P , 0.0001) as well as in pairwise comparisons (Neuse River versus NECFR: F 3,202 ¼ 30.4, P , 0.0001; Neuse River versus Lumber River: F 3,146 ¼ 32.8, P , 0.0001; NECFR versus Lumber River: F 3,144 ¼ 27.1, P , 0.0001). Backcalculated and von Bertalanffy-modeled growth rates were very similar between ages 1 and 11 in the Lumber River (Figure 3 ). Back-calculated growth was similar to modeled growth in the NECFR until age 6, when back-calculated growth slowed. Back-calculated growth was generally slower than modeled growth in the Neuse River between ages 3 and 10 but was higher for ages 13 and 14. The von Bertalanffy growth model estimated the largest theoretical size for the NECFR population followed by the Lumber and Neuse river populations, and growth coefficients varied among rivers, indicating differing rates of increase in fish length and differing shapes of growth curves.
Mortality
Mortality estimates derived from catch curves were relatively consistent among rivers (Table 4) . Instantaneous total mortality rates ranged from 0.17 to 0.22, and annual total mortality rates ranged from 0.16 to 0.20 (i.e., 16-20%). Low catch rates of older fish (ages 8 and older) and variation among cohorts decreased the precision of our mortality estimates, and 95% confidence intervals averaged 660% of the associated Z estimates. We detected no significant difference in Z among populations by analysis of covariance (F 2,20 ¼ 1.23, P ¼ 0.29), and 95% confidence intervals for all estimates overlapped the means of the other two estimates.
Discussion
We observed a large range in sizes at each age within and among the rivers we sampled. For example, the total length of age-3 fish from the Neuse River ranged from 285 to 560 mm, and 600-mm fish from the Neuse River spanned ages from 3 to 9 years ( Figure 3) . These large variations could be attributable to differential growth or mortality rates among cohorts or age estimation error. Larger sample sizes of fish for age analysis would further determine the source of this wide variation, but results from other populations suggest that high within-population variance in growth rate is common for this species (Cross and Hastings 1956; Layher and Boles 1980; Winkelman 2002; Grabowski et al. 2004 ).
Growth
Growth comparisons among flathead catfish populations within a study or among published results should consider the bony structure used for age estimates. Pectoral spines have frequently been used to age flathead catfish and are considered the hard part of choice for the majority of studies, due to logistic simplicity and nonlethal effects. However, Nash and Irwin (1999) demonstrated potential bias and reduced precision in flathead catfish age analysis based on pectoral spines versus otoliths. Our research is one of only a few studies conducted on flathead catfish that did not rely upon spines or vertebrae as aging structures, and many previous studies may be variably biased, especially for results on older fish (ages over 5 years; Nash and Irwin 1999) . However, annulus formation in the articulating process of the pectoral spine was validated for flathead catfish to age 5 (Turner 1982) , and age estimates derived from the pectoral spine articulating process are more accurate and precise than those derived from pectoral spine basal recess a Values in parentheses are SEs; those for the mean annual increment were calculated by pooling variance estimates of weighted mean TL at age according to Zar (1996) .
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sections (Nash and Irwin 1999) . Furthermore, ages estimated from pectoral spines for young fish are relatively accurate, and the general direction of bias in older fish ages is known (underestimates of older fish based on spines; Nash and Irwin 1999). Therefore, age estimates derived from pectoral spines in previous studies remain useful for discerning patterns among flathead catfish populations when proper scrutiny is used in their interpretation. In general, the observed growth of introduced flathead catfish populations in North Carolina rivers is slower than that of other introduced populations throughout the southeastern United States but faster than that of most native riverine populations (Tables 1,   TABLE 5 43.0 a Values in parentheses are SEs; those for the mean annual increment were calculated by pooling variance estimates of weighted mean TL at age according to Zar (1996) .
FLATHEAD CATFISH AGE, GROWTH, AND MORTALITY 81 3). Growth to quality size generally occurred by age 5 in our study but was attained as early as age 3 in another Atlantic slope introduced population in the Ocmulgee River, Georgia (Nash 1999) . Memorable sizes were reached between ages 11 and 12 in our study rivers versus age 8 in the Ocmulgee River. Trophy-size fish (1,020 mm; Quinn 1991) were observed by age 11 in the Ocmulgee River, whereas this size was attained by age 14 in the Neuse River and NECFR (Table 3) . We collected no trophy-size fish in the Lumber River. Growth rates of North Carolina coastal plain flathead catfish are considerably faster than those reported from the Tallapoosa River, Alabama, in the only comparable native flathead catfish age and growth study that used otoliths (Nash 1999) . Growth rates in our study are also faster than those reported from riverine populations throughout the Upper Midwest (Table 1) ; however, among other factors, this comparison may reflect counter-gradient growth variation, which would predict faster growth in more southerly latitudes. Our growth rates were most similar to reservoir flathead catfish in their native range (Table 2) .
Growth rates after age 2 in the Cape Fear River (Guier et al. 1984) were much higher than those reported here (Table 3 ). This may be partially attributed to the use of pectoral spines (versus otoliths) to estimate ages or could reflect actual spatial or temporal variation. However, there is compelling evidence to suggest that fish in the earlier study grew faster as a result of their more-recent establishment than the populations we studied in the Neuse River and NECFR. Guier et al. (1984) reported that flathead catfish were first introduced into the Cape Fear River in 1966, only 13 years before their study. As an introduced population expands and decimates its initial food supply, growth is likely to slow due to intraspecific competition and other density-dependent factors. Layher and Boles (1980) reported that flathead catfish became almost entirely piscivorous at 500 mm, as did the flathead catfish in our three study rivers (Pine 2003; Pine et al. 2005) . Flathead catfish in the Guier et al. (1984) study showed growth that was accelerated relative to fish in our study beginning at around age 3, when flathead catfish averaged 497 mm and presumably became obligate piscivores. reported markedly slower growth rates in the Flint River during a 1985 study than was observed in previous work from the 1970s. Similar trends may develop in other introduced flathead catfish populations, where growth rates may slow and approach those of native populations over time.
Trends among Populations
Comparisons among growth rates reported for flathead catfish in rivers versus reservoirs and native versus introduced populations reveal several trends (Figure 4) . Native flathead catfish growth in reservoirs was faster on average than that of riverine populations (Tables 1, 2 ). Fish averaged 566 mm at age 5 in reservoirs but only 481 mm in rivers, and 700 mm was attained between ages 5 and 9 for reservoir fish and between ages 6 and 20 for riverine fish. In general, introduced riverine populations show faster growth a Values in parentheses are SEs; those for the mean annual increment were calculated by pooling variance estimates of weighted mean TL at age according to Zar (1996) .
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rates than do native riverine populations (Tables 1, 3 ; Figure 4 ). While the data resolution among studies precluded specific statistical comparisons, an examination of means and confidence intervals suggests that growth rates between native and introduced riverine populations are statistically different (Figure 4) . For all ages up to age 9, the confidence intervals for mean length at age for native riverine populations do not overlap those corresponding means for introduced riverine populations (and vice versa), and means for reservoir fishes are intermediate to those for riverine fishes. At ages 9 and 10, the means of fish length for introduced river populations and those of native reservoirs converge, which may either suggest ecological variation or be an artifact of methodological differences in structures used for age estimation. The trends that we have detected among studies suggest that while differences in flathead catfish growth among aquatic habitats (rivers and reservoirs) and native and introduced populations may not be consistently statistically significant, they are probably biologically significant, and we expect that future results will increase sample sizes and reduce confidence intervals to yield greater statistical differentiation.
Previous to our collection of a 17-year-old flathead catfish in the NECFR, the maximum age reported for an introduced riverine population (16 years) came from the Ocmulgee River, and the maximum length obtained remains 1,800 mm from that population (Nash 1999) . All introduced riverine populations yielded quality-size fish by age 5 and memorable-size fish by age 8, while the Ocmulgee River population grew trophy-size fish by age 11. Introduced riverine populations in the southeastern USA (Guier et al. 1984; Bulak and Leitner 1999; Nash 1999 ; our results) tended to grow faster than those from the western region of the country (Pisano et al. 1983; Young and Marsh 1990 ; Table 3 ).
Our literature review defined general trends in flathead catfish growth rates wherein populations in reservoirs grow faster than those in rivers, introduced populations grow faster than native populations, and eastern U.S. populations grow faster than those in western states. Exceptions to these trends include studies by Deacon (1959), Francis (1993) , and Stauffer et al. (1996) , who reported growth rates from native populations similar to those of introduced flathead catfish (Tables 1, 3) . Possible explanations include the use of spines (versus otoliths) in each of these studies (which would result in biases lower in age and higher in associated growth estimates), particular complexities in predator-prey relationships, or other differences in local environmental conditions.
Mortality
The values of A for flathead catfish in our study were lower than those that Robinson (1997) found for native populations in the Missouri and Mississippi rivers but similar to recent estimates from Oklahoma reservoirs (Winkelman 2002) . Our estimates of A for these three introduced riverine populations were relatively low, ranging from 0.16 to 0.20 (Table 4 ). The Neuse River population exhibited relatively constant mortality over the entire range of ages sampled (r 2 ¼ 0.78; Figure 2 ). Annual mortality in the NECFR varied by age or possibly through time, and higher mortality was observed in recent years. The size structure of flathead catfish in this river indicates that fish may consistently be harvested once they reach 600 mm. While conducting this research, we anecdotally observed a greater number of setlines (primarily attached to tree limbs) on the NECFR than on the other two rivers, FIGURE 4.-Mean total length at age (and 95% confidence intervals) of introduced riverine, native riverine, and native reservoir flathead catfish populations in the USA, indicating variable growth rates between native and introduced populations and between riverine and reservoir populations (see Tables 1-3 for summary according to population). 84 which suggests fishing mortality as a partial explanation for the temporal variation and catch curve fit among rivers.
Stochastic mortality events may partially explain variation in flathead catfish population structure among the rivers we studied. The relatively young age structure in the NECFR may have partially been a result of Hurricane Fran, which devastated much of eastern North Carolina in 1996. Large fish kills were observed in this river due to anoxic ambient conditions associated with severe flooding during and after the storm (K. Nelson, North Carolina Wildlife Resources Commission, personal communication), and such a mortality event may have reduced recruitment and the adult flathead catfish population. Furthermore, land use on the North Carolina coastal plain is predominantly agricultural and includes numerous confined poultry and swine production facilities that are known to degrade river water quality and cause fish kills via diffuse and point releases of animal waste (Mallin 2000) . Such primary and cumulative impacts on riverine fish populations in this region may lead to stochastic events that result in differential mortality among cohorts and over time. Such variation among cohorts and years complicates the utility of catch curve analysis for estimating A, as the assumed condition that mortality rate is uniform with age over the range of age-classes considered may be violated to varying degrees (Ricker 1975 ).
Although we were unable to separate natural and fishing mortality rates from our A estimates, we suggest that fishing mortality is an important factor in maintaining the relatively low A in these populations. Our A estimates were similar to annual fishing mortality rates reported for the Flint River introduced flathead catfish population (Quinn 1993) . In a radiotelemetry study associated with our research on the same three rivers (Kwak et al. 2004) , only one instance of natural mortality was detected throughout the 1-year tracking study among 40 radio-tagged fish (2.5%), and five angling mortalities (12.5%) were reported during the 2-year period after fish were radio-tagged. In addition, radio signals were lost from eight fish during the 1-year tracking period. These fish may have permanently emigrated from our study areas, and some may have been undetected mortalities. The relatively low mortality rates of our radio-tagged fish are in accord with the similarly low estimates of annual fishing mortality (14-25%) reported by Quinn (1993) for another introduced flathead catfish population and support the validity of our 16-20% estimates of A derived from catch curve analyses (Table 4) .
Conclusions
Our age, growth, and mortality research on these three populations of flathead catfish in North Carolina coastal plain rivers represents one of several studies of such introduced populations for which data accuracy and precision are presumed to be reasonable to form scientific conclusions. Our literature review and compilation revealed important trends in flathead catfish growth rates as related to population origin (native or introduced), habitat (lentic or lotic), and geography (region of the USA). Our results conformed to the expectation that growth rates in these populations would be higher than those of native riverine populations, but growth was generally slower than that of other introduced flathead catfish populations in the southeastern USA, contrary to our prediction. Elucidating such trends among native and introduced populations, aquatic habitats, and geographic regions greatly enhances our understanding of and ability to manage this ecologically, economically, and culturally important species, and we look forward to future research to further refine these relationships.
